Recent analyses of the geomagnetic reversal sequence have led to different conclusions regarding the important question of whether there is a discernible difference between the properties of the two polarity states. The main differences between the two most recent studies are the statistical analyses and the possibility of an additional 57 reversal events in the Cenozoic. These additional events occur predominantly during reverse polarity time, but it is unlikely that all of them represent true reversal events. Nevertheless the question of the relative stabilities of the polarity states is examined in detail, both for the case when all 57 "events" are included in the reversal chronology and when they are all excluded. It is found that there is not a discernible difference between the stabilities of the two polarity states in either case. Inclusion of these short events does, however, change the structure of the non-stationarity in reversal rate, but still allows a smooth non-stationarity. Only 7 of the 57 short events are pre-38 Ma, but the evidence suggests that this is a real geomagnetic phenomenon rather than degradation of the magnetic recording or a bias in observation. This could be tested by detailed magnetostratigraphic and oceanic magnetic surveys of the Paleogene and Late Cretaceous. Overall it would appear that the present geomagnetic polarity timescale for 0-160 Ma is probably a very good representation of the actual history, and that different timescales and additional events now represent only changes in detail.
Introduction
The magnetic field reversal chronology represents one of the best long-term records of the earth's magnetic field in which to search for differences between the properties of the two polarity states. It may also be used to determine if there have been any long-term variations in some overall properties of the field. Recently, both Lowrie and Kent [1] (referred to hereafter as L & K) and McFadden and Merrill [2] (referred to hereafter as M & M) have analysed geomagnetic polarity timescales for the Cenozoic and Late Mesozoic. They independently concluded that the statistical properties of the reversal sequence have been non-stationary. A clear 108-year variation is present in this record and M & M suggest this variation is associated with changes in the temperature at the core-mantle interface. However, there were disagreements on other points, including the important question as to whether there is a discernible difference between the properties of the two polarity states. If there is a difference between the two states then this must be attributed to boundary or initial conditions, because the governing equations for the geodynamic indicate that they should (statistically speaking) be identical except for sign [31. The reasons for the differences in interpretation involve both the statistical procedures and the data sets used. L & K analysed the LaBrecque, Kent and Cande [4] scale (referred to hereafter as LKC) using estimation techniques suggested by Naidu [5] , while M & M analysed the Ness, Levi and Couch [6] scale (referred to hereafter as NLC) using the statistical methods of McFadden [7] . M & M showed that there are instabilities in the "conventional" statistical approach in that insertion of one or two short reversal events (or chrons) can lead to large changes in estimates of the statistical parameters, and a lack of appreciation of this sensitivity has led others to the conclu-0012-821X/87/$03.50sion that there are significant differences between the two polarity states. Consequently M & M used the statistical procedures developed by McFadden [7] that take into account the likelihood that the known reversal chronology is incomplete. They argued that it would take a very "unusual" distribution of missed polarity events to invalidate their conclusion that there is no discernible difference in stability between the two polarity states, a conclusion at variance with previous analyses on the subject (e.g. [1, 8] ). However, L & K and Kent [9] point out that there is some evidence for 57 reversal events in the Cenozoic that are not included in most reversal chronologies, including the one analysed by M & M. Moreover, 46 of these events exhibit normal polarity, while only 11 exhibit reverse polarity.
In this paper we briefly review the evidence for these possible reversal events and consider the apparent disproportionate distribution in favour of normal polarity. We then investigate the effect of including these events into the reversal chronology record and consider the implications from the point of view of core processes and the presently available chronologies.
Evidence for missed short polarity events
Blakely and Cox [10] and Blakely [11] used a stacking procedure to enhance marine magnetic profiles, and identified several previously unrecognised short-wavelength anomalies that they interpreted as reversal events. Some of the amplitudes of these anomalies appear comparable in size to the M0 to M25 magnetic anomalies that precede the long Cretaceous Normal Polarity Interval, and which are generally interpreted as recording reversal events. Certainly, from a physical point of view, it would not be at all surprising if many short events have been missed, and the statistical properties of the timescales themselves indicate that this is the case. This problem was recognised early on by Cox [12] and Harrison [13] . M & M predicted that about 46% of the intervals in the NLC scale contained a "missed" very short event--i.e, on the order of 90 short events missed (though it should be recognised that this estimate is imprecise).
Although the above seems to argue for the interpretation of the "tiny wiggles" (as L & K called the "new" anomalies that were resolved by stacking the marine magnetic profile records) as short reversal events, there are also reasons for doubting this interpretation. These tiny wiggles reflect changes in intensity of the magnetic field as sensed at the sea surface. Such changes can occur because of (1) true reversal events, (2) magnetic excursions, (3) changes in intensity of the earth's magnetic field not associated with reversals or excursions [14] , and (4) changes in rock magnetic properties (including the thickness of the anomaly-producing layer). Distinguishing between these possibilities is difficult, particularly considering that there is noise present and there are other complexities in the recording system [15, 16] .
There is the possibility of a secondary magnetization, such as a viscous remanent magnetization (VRM), being responsible for many of the tiny wiggles. Naturally if the magnetic mineralogy were uniform throughout the oceanic crust a VRM would only shift the baseline of the anomaly. However, because the mineralogy (including grain size) will vary, some parts of the crust will acquire a VRM more easily than others. Thus it is conceivable that Brunhes VRM overprints could produce apparent normal events during reverse polarity times. This is an attractive hypothesis because it would help explain why the overwhelming majority of the tiny wiggles have been identified as having normal polarity. However, both this and other rock magnetic possibilities can be largely discounted. The tiny wiggles occurred at the same time at very different geographical locations, and on segments of plates with different spreading rates (e.g. northeast Pacific, East Pacific Rise, and the Indian-Antarctic Ridge [11] ). The titanomagnetite grains, which predominantly carry the remanence in the rocks producing these anomalies, were some of the last grains to crystallise out from a magma produced by the partial melting of upper mantle material. Subsequent chemical alteration of some of these titanomagnetite grains appears to have had a significant effect upon the magnitude of these anomalies (e.g. see review by Johnson [17] ). Under such circumstances it is difficult to conceive how an anomaly associated with variations in rock magnetic properties in one location could be correlated in time with an anomaly associated with rock magnetic properties in a location thousands of kilometers away and on a different plate. However, it is easily conceivable that a normal polarity VRM associated with the present normal (Brunhes) epoch could make it difficult, and sometimes impossible, to detect short reverse events. We conclude that few, if any, of the tiny wiggles identified by Blakely and Cox [10] and Blakely [11] originate because of rock magnetic variations. However, the disproportionately larger number of short "normal polarity" anomalies may well be a result of the masking of short "reverse polarity" anomalies by secondary components of magnetization.
At least some of the tiny wiggles probably originate by mechanisms (2) or (3) given above, and it is conceivable the vast majority may do so. Excursions of the field are likely and at least some mechanisms of excursions produce significant changes in the global intensity [18] . As discussed by McFadden [7] the analysis used takes into account both reversal events that are missed and unsuccessful reversals. If reversals, unsuccessful reversals and excursions represent a continuum of behaviour and are all triggered by the same process, it is reasonable to include observed excursions within the reversal statistics. Excursions aside, the dipole field appears to have undergone large changes in intensity even during the Holocene: the dipole field appears to have varied by as much as 30-40% of its present value [19, 20] . There is now some evidence that significant changes in intensity can last for periods at least up to a few tens of thousands of years, and probably longer [18, 20] . It is to be expected that changes such as these would show up on high-resolution magnetic anomaly analyses like those made by Blakely and Cox [10] and Blakely [11] . Indeed, it was reasoning similar to this that led LaBrecque et al. [4] to omit most of the tiny wiggles from their tabulated list of polarity interval ages (see also Cande and LaBrecque [14] ).
Overall, therefore, it seems likely that there is more than one mechanism operating to produce the tiny wiggles observed in marine magnetic anomalies. Some of these probably do represent previously missed reversal events, as predicted by M & M, but others probably do not. More highquality magnetostratigraphic work on terrestrial rocks seems required to determine the proportion of these tiny wiggles that truly represent reversal events.
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Clearly it is not possible at this stage to distinguish between those wiggles that do represent a missed event and those that do not, so in the remainder of this paper we simply assume that all 57 of the tiny wiggles included by L & K do represent short reversal events. Because a disproportionate number (46) of these have been identified as being of normal polarity, this should provide a severe test of the robustness claimed by M & M and McFadden [7] for their analysis. If the major statistical characteristics of the reversal chronology remain essentially unchanged after including these "events", then one should have considerable confidence that those characteristics have been properly delineated.
The gamma distribution
As shown in the previous analyses, a gamma distribution provides a good description for the distribution of the intervals, x, between observed reversals. Thus if P(x)dx is the probability of observing an interval in the range x to (x + dx) then:
where F(k) is the gamma function of k. The mean length /~ and the variance Var(x) of the intervals are given by:
For an explanation of the physical interpretation of the parameter k, see McFadden [7] , M & M and McFadden & Merrill [21] ).
Estimates for k

Analysis without the additional short events
Estimates for k for the LKC timescale are plotted in Fig. 1 . The sequence was analysed using a sliding window that included 25 intervals of each polarity, with the window shifting by one interval of each polarity for each estimate. McFadden [7] has discussed the problems arising from the use of such sliding windows, particularly the visual effect of there being far more informa- tion than is actually available, and the apparent differences produced by the fact that sliding windows provide a concerted search for the maximum difference between estimates. However, if these problems are borne in mind, sliding windows do provide a useful method of analysis.
The large peak in the estimated k for the normal polarity sequence gives the visual impression of a significant difference between k for the normal polarity and k for the reverse polarity. Using the methods of McFadden [7] it may be shown that there is in fact no reason to reject the hypothesis that the normal and reverse polarity sequences share a common k, but that the apparent visual difference is due to the extreme sensitivity of the estimation procedure for k and the use of sliding windows. (Reference should be made to McFadden [7] and M & M for a full explanation and discussion of the problems associated with the analysis.) Unfortunately, such arguments, although entirely valid, are unlikely to be intuitively convincing when faced with a plot such as in Fig. 1 . To overcome this problem a single short normal interval has been added into the sequence from 34.00 Ma to 34.01 Ma, and the estimates for k from the resulting sequence are plotted in Fig. 2 . The fact that the addition of a single interval, into a sequence with a total of 176 intervals, can produce such a large change, is a clear indication of the sensitivity of the analysis.
Certainly the estimates plotted in Fig. 2 give no reason to reject the hypothesis of a common k for the reverse and normal polarity sequences. 
Analysis with the additional short ecents
The durations of the short events cannot be determined from the marine records, and so values have to be determined in a fairly arbitrary manner. L & K chose to overcome this problem by simply assigning equal durations to each of the events. On the basis that it was unlikely the durations were longer than about 40 kyr, they chose to investigate the effects of setting this duration at 20, 30 or 40 kyr. This choice of a single duration might initially appear unrealistic. However, experimentation shows that it is in fact a satisfactory approach. Furthermore, it is of little consequence which of 20, 30 or 40 kyr is chosen as the arbitrary duration. For simplicity the results and discussion presented here relate to inclusion of the 57 events with a duration of 20 kyr, but the conclusions are the same for durations of 30 or 40 kyr.
Before looking at the analysis it is interesting to consider the prediction made by M & M that about 46% of the observed intervals contained a "missed" short interval. For the LKC scale that would imply about 40 short intervals missed for each of the normal and reverse polarities. Of the 57 short events included by L & K, 46 are normal and 11 reverse. This would appear to be about the right number of normal intervals, but not enough reverse intervals. Consequently we should expect that inclusion of these short events would stabilise k for the normal sequence at about 1.
The estimated values of k are plotted in Fig. 3 , and as is to be expected, the results appear quite different from Fig. 1 . The estimated values for k for the normal polarity do appear to have been stabilised at about 1, as was suggested in the previous paragraph should be the case. In contrast, the estimated values for the reverse polarity sequence have been destabilised and now are typically larger than for the normal polarity sequence. It was this that led L & K to state that "The added short events have altered the sense of the asymmetry between the normal and reversed states". However, even with the very sharp peak plotting at 3.5 Ma (the mid-point of the interval 0.11-6.97 Ma, which includes 25 intervals of each polarity), the results do not in fact give good reason for rejecting the hypothesis of a common k for the normal and reverse sequences.
Even though the data give no reason for rejecting the hypothesis of a common k, it is important to understand what happens to the sequences when a short polarity chron is added. When a short normal polarity chron is added it must, of course, be added into what was previously a reverse polarity chron. Naturally, its position within this reverse polarity chron does not in any way affect the statistical properties of the new normal polarity sequence, only its duration has an effect. In contrast, in the new reverse polarity sequence, a single chron is replaced by two shorter chrons. Because the inserted normal polarity chron is very short, its chosen duration has little effect on the durations of the two new reverse polarity chrons, but its positioning within the original reverse polarity chron determines almost entirely the durations of the two new reverse polarity chrons. Thus, since most of the added chrons are of normal polarity, we are in the rather strange situation where the statistical properties of the new normal polarity sequence are determined by the fact that the added chrons are very short, whereas the statistical properties of the reverse polarity sequence are determined by the positioning of the very same chrons.
Clearly the mean length, /~, of intervals in the new reverse polarity sequence is not affected by variations in the positioning of the short normal polarity chrons, but the variance of reverse polarity interval lengths is. Thus, as may be seen from equation (3), the value of k for the new reverse polarity sequence is strongly affected by the positioning of the short normal polarity chrons. If a set of new normal polarity chrons is spaced uniformly within what was a single reverse polarity chron, then the variance of interval lengths in the new reverse sequence is reduced, and this will appear as an increased estimate for k.
Unfortunately, when splitting up one fairly short interval into several smaller intervals (by the insertion of very short intervals of the opposite polarity) there is a natural tendency to space the inserted intervals so that they split the original interval into approximately equal lengths. That this has happened may be seen very clearly from Table 1 , which shows the original and altered polarity sequences. The original reverse polarity interval 0.95-1.62 Ma (duration 0.67 Ma) has been split into 7 new intervals with the durations of the new reverse polarity intervals being 0.13, 0.13, 0.18 and 0.17 Ma. The very next interval in the original reverse sequence, 1.83-2.41 Ma (duration 0.58 Ma), has been split into five new inter- Overall, therefore, it is concluded that the data, either with or without the 57 very short chrons, are compatible with the normal and reverse sequences having a common k, and there is no need to call upon an asymmetry between the polarity states.
Mean lengths of the intervals
As noted by McFadden [7] , the parameter k in fact contains little information regarding the relative stabilities of the two polarities: the mean length, # (or equivalently the reversal rate )t), contains much more information in this regard. 10 
Analysis with the additional short events
As with the estimation of k, the short events are all added in with a single duration of 20 kyr. Naturally, when dealing with mean lengths or rates of reversal, a choice of 20 kyr is more extreme than either 30 or 40 kyr. Estimates for/t for the LKC timescale with the short events added are plotted in Fig. 7 , and as expected the mean lengths are dragged down, particularly around 35 Ma. As before, the data are plotted in terms of the fraction of time spent in the reverse polarity state. As might be expected, near 35 Ma the plot reaches the 95% prediction limits for the number of independent observations (inner dotted lines), but does not approach the 95% prediction limits that take into account the use of a sliding window (outer dotted lines). Thus it is concluded that the data, either with or without the 57 very short chrons, are compati- 
Analysis without the additional short events
Estimates for t~ for the LKC timescale are plotted in Fig. 5 . Again the close similarity with the NLC timescale can be seen by comparing this figure with Fig. 3 of M & M. A robust method was developed by McFadden [7] for testing the hypothesis that X r = Xn = )~, where Xr is the rate of reversals for the reverse polarity state and kn is the rate of reversals for the normal polarity state. In Fig. 6 the fraction of time spent in the reverse polarity state is plotted using a sliding window of 25 intervals of each polarity. The inner dotted lines are the 95% prediction limits for the number of truly independent observations represented in the diagram (only 3 in this instance), and the outer dotted lines are the 95% prediction limits taking into account the fact that a sliding window has been used. Clearly the data give no reason to reject the hypothesis of a common reversal rate for the two polarity states. ble with the normal and reverse sequences having a common mean length or reversal rate.
Rate of change of the reversal rate
Using the NLC timescale M & M suggested that, to a first approximation, the reversal rate, 7t, had changed linearly with time since the Cretaceous Normal Polarity Interval. This suggestion would also appear quite acceptable with the LKC timescale. However, it is clear from a comparison of Figs. 5 and 7 that the structure of the nonstationarity in X has been altered by the inclusion of the very short chrons. This is mainly due to the fact that of the 57 added chrons, only 7 occur prior to 38 Ma.
Hence, with the added chrons, the nonstationarity in the reversal rate no longer appears linear with time. However, it does still appear to change in a smooth fashion and to approach zero at the end of the Cretaceous Normal Polarity Interval. Consequently none of the geophysical interpretations of M & M is altered.
Short events further back in the record
As discussed earlier, there is now some evidence for 57 short reversal events in the Cenozoic not included in most reversal chronologies. In section 2 we suggest reasons why a disproportionately large number of these short events are of "normal polarity". Here we address the question of why so few of these short events (only 7 of the 57) have been identified in the 38-84 Ma interval. Is this due to observational bias or degradation of the magnetic recorder, or is it a real geomagnetic phenomenon?
The best studied intervals are certainly those in the 0 38 Ma interval: anomalies 1 to 4 [22] , anomalies 5 to 6 [11] and anomalies 12 to 13 [14] . In contrast, we note that with the few exceptions which produced the evidence for the seven pre-38 Ma short events [10, 23] , no comparable systematic global searches have been made for fine-scale magnetic anomaly features for the interval from about anomaly 15 to about anomaly 29 (ca. 38 Ma to 66 Ma). Cande and Kristofferson [24] did, however~ make a global survey of the Late Cretaceous interval from anomaly 29 to anomaly 34 (ca. 66 Ma to 84 Ma). Thus, while some additional short polarity intervals may well have been missed in the 38-66 Ma interval through lack of detailed study, the comprehensive study by Cande and Kristofferson [24] , which did not report any "tiny wiggles" in the older 66 84 Ma anomaly sequence, suggests that observational bias may not be that important in accounting for the relatively few short intervals in the reversal sequence prior to 38 Ma. We might also point out that magnetostratigraphic studies have not resulted in the documentation of very many additional short polarity intervals in the Paleocene, and virtually none in the Cretaceous Quiet Zone [25, 26] . A systematic progressive loss of the high frequency component in the ocean floor magnetic recording has been offered as an explanation for the apparent decrease in reversal frequency with time [27] . A strong argument against this mechanism is provided by the existence of pre-M25 tiny wiggles [28] , similar in frequency to those observed in the 0-38 Ma interval, but recorded in ocean crust older than 156 Ma.
We therefore lean towards the remaining explanation for time variation in the occurrence of short events: that it approximates a real geomagnetic phenomenon. In addition to finding the alternative explanations inadequate, we would point to the observation that estimates of k plotting back in time from about 38 Ma (Fig. 3 or 4) tend to lie at around unity for both the normal and reverse polarity intervals. This suggests to us that there has not been a large number of short events missed in this interval. Instead, because the reversal rate was much lower, the "short" events were much longer and so most of them have been detected. Parenthetically, the much smaller number of "tiny wiggles" in the 38-84 Ma interval also argues against VRM-related mechanisms for their production in the 0-38 Ma interval, because such mechanisms should produce tiny wiggles in older crust as well. Very detailed magnetostratigraphic and ocean magnetic surveys of the anomaly 15 to 29 sequence would provide a good test for confirming the geomagnetic significance we infer from the relative paucity of tiny wiggles in the 38-84 Ma interval.
Periodicities in the reversal frequency
In the past few years there have been several suggestions that there are periodicities within the reversal record [1,2%33] . However, the reality of these periodicities has been questioned [34, 35] . The existence of a real periodic component in the reversal rate implies that the mean rate, X, of the gamma process is given by:
X=eo(t) + A1Sin wlt + A2 Sin w2t + ... (4) where ~(t) is the long-term variation already mentioned. As yet there has been no formal specification as to the value of any of the A i. However, it is quite clear that if any genuine periodicities do exist, the amplitudes are very small.
A gamma process with a constant ~ produces intervals with varying lengths. If a filter designed to extract spectral information is applied to such a sequence it will indicate the presence of spectral components, even though each of the A, in equation (4) is zero and q~(t) is a constant. As may be expected, in each instance where a periodicity has been claimed, it is as a consequence of the application of a filter of some form to the reversal sequence. Naturally the situation is complicated further when ~(t) is not constant, as is the case with the geomagnetic reversal sequence.
Because of this, before concluding that a genuine periodicity exists, very careful testing must be performed to show that the observed periodic-381 ity is not merely a consequence of the random nature of the gamma process. Furthermore, if it is felt that a particular periodicity (equivalent to ¢00) in the record is real, then because this periodicity has in fact been observed in the record, any testing must be conditioned upon the value w 0. Although some apparently compelling arguments have been put forward to substantiate the reality of periodicities (particularly by Stothers [33] ), none of these has been backed up with testing conditional upon the observed periodicity. Consequently the question of genuine periodicities within the reversal record must, at this stage, be considered as unresolved.
Conclusions
Fifty-seven anomalies that appear on high-resolution magnetic anomaly records probably have multiple origins. Some probably reflect true missed polarity events, while others probably reflect changes in intensity in the record from other causes. Statistical analyses were carried out with two extreme assumptions. In one case, we assumed that all 57 anomalies reflect missed polarity events, while in the other case we assumed that none of the 57 anomalies represents a missed polarity event.
The analyses presented here show that the LKC timescale, either with or without the additional 57 short events, does not deny a time-averaged symmetry in the normal and reverse polarity states. The NLC timescale and the LKC timescale (without the additional 57 short events) are not truly independent because they were constructed from basically the same sets of data, and so, as expected, a comparison of their statistical properties shows a striking similarity. The addition of the 57 short events does alter the structure of the non-stationarity in the reversal rate, but each of the sequences (NLC, LKC, and LKC plus the 57 short events) is compatible with a smooth, and possibly monotonic, increase in the actual reversal rate from zero at the end of the Cretaceous Normal Polarity Interval to its present value in the region of 5 reversals per million years.
It is very satisfying that the same basic conclusions are drawn independent of whether one uses the NLC timescale, the LKC timescale, or the LKC timescale with the additional 57 short events.
Thus it was not necessary to perform a rigorous determination of the validity of each of these short events before including it in the analysis. In effect this implies that the basic structure of the geomagnetic reversal history is now sufficiently well established that different scales and additional events only represent changes in detail. From this it may be concluded that the present geomagnetic polarity timescale for 0-160 Ma is probably a very good representation of the geomagnetic reversal history.
